Sn-Nb-Ta-Ti oxides occur as accessory minerals in the granitic facies of the External Unit in the Jálama Batholith (Salamanca, Spain) and in the related LCT pegmatite dikes of the rare-element class. Moreover, abundant cassiterite and columbite-group minerals crystallized in the Cruz del Rayo peribatholithic pegmatite dikes, cutting the pre-Ordovician low-grade metasedimentary rocks of the surrounding Schist-Graywacke Complex. Cassiterite, rutile, ilmenite and tantalite-(Fe) occur disseminated in the border facies of the External Unit, especially throughout the tourmaline-bearing leucogranite and the apical aplites. Additionally, cassiterite, rutile and Ta-rich rutile developed locally in the intragranitic pegmatite dikes. Two types of peribatholithic pegmatites can be distinguished at Cruz del Rayo: (i) granite-like pegmatites, with columbite-(Fe) I and II and cassiterite, in which the influence of metasomatic fluids led to formation of the late albite unit and crystallization of tantalite-(Fe), and (ii) greisen-like bodies, which contain high amounts of columbite-(Fe), columbite-(Mn), tantalite-(Mn) I and II as well as cassiterite. The primary oxide assemblage in both types of the peribatholithic pegmatite dikes would have crystallized as a result of magmatic differentiation of the residual melts coming from the Jálama granitic cupola. However, crystallization of the secondary assemblage, richer in Fe and Ta, is interpreted mainly as a consequence of interaction with external fluids coming from the metamorphic host rocks, more or less mixed with meteoric fluids, although partial dissolution and re-precipitation could have played an important role, as well.
Introduction
Rare-metal granitic cupolas are generally strongly enriched in F and show variable Sn, W, Nb, Ta, Rb, Cs, Be and Li contents. Thus, they are mainly associated with Sn-Nb-Ta-Li ores, which were deposited directly through magmatic crystallization processes or as a consequence of the late-hydrothermal alteration of these granitic bodies. In Europe, examples of such deposits are scattered throughout the Variscan Belt and they are spatially associated with peraluminous syn-to post-tectonic granitic cupolas, which frequently have high phosphorus contents. Li-rich muscovite or lepidolite, columbite-group minerals, and pyrochloregroup minerals are common in these deposits (Černý et al. 2005) . Examples in the French Massif Central include the Ta-Sn-Li mineralization of the Beauvoir granite (Cuney et al. 1992; Raimbault et al. 1995) , the columbite-tantalite minerals of the complex lepidolitesubtype pegmatites of Chèdeville (Raimbault 1998) , as well as the cassiterite and wolframite-group minerals of the Vienne granite (Cuney et al. 2002; Bouchot et al. 2005) . The rare-metal deposits linked to the LCT pegmatites occur also in the Bohemian Massif, Czech Republic (Johan and Johan 1994; Černý et al. 2007; Breiter et al. 2007 ) and the tin and tungsten deposits are known from the Cornwall Massif, south-eastern England (Charoy 1986; Willis-Richards and Jackson 1989) . In the Iberian Massif, the pegmatite fields of Lalín-Forcarei (Fuertes-Fuentes and Martín-Izard 1998) and Fregeneda-Almendra (Roda-Robles 1993; Roda-Robles et al. 2007; Vieira et al. 2011 ) are some of the best-known rare-metal deposits associated with leucogranites in northern and western Spain.
The late-Variscan granitic cupola of the Jálama Batholith (Ramírez 1996; Ramírez and Grundvig 2000) , which is located in the central-western part of the Spanish Iberian Massif, is another good example of these rare-metal deposits. It belongs to the Navasfrías Sn-W district (geographic coordinates 40.265708, -6.79616), which was mined irregularly during the second half of the last century to obtain cassiterite and wolframite-group minerals from aplites, pegmatites and a group of hydrothermal quartz veins (Fig. 1) . Already Fernández-Leyva (2007) and Ruiz et al. (2008) established the potential geochemical indicators of the rare-metal mineralization. Recently, Llorens and Moro (2010a) have reported the existence of a rare Nb-Ta deposit hosted by the Li-rich LCT pegmatites of La Canalita, which are also related to another granitic cupola in the Navasfrías district; namely, the Cadalso-Casillas de Flores Batholith.
This contribution reports the occurrence of the Nb, Ta, Sn and Ti oxide minerals disseminated in the leucogranite and the aplites of the Jálama Batholith, as well as in the intra-and peribatholithic pegmatite dikes. Here we: 1) report results of petrographic and mineralogical study, textural relations, and chemical data for the Nb-, Ta-, Sn-, Ti-bearing minerals, paying special attention to their zoning patterns, 2) discuss the mechanism of chemical substitution in individual ore minerals, 3) assess the chemical evolution of these oxides related both to the magmatic stage and the batholithʼs hydrothermal alteration, and 4) discuss the factors controlling the likely formation of these oxides. 
Geological setting
The Jálama Batholith is an elliptical allochthonous and discordant body striking NNW-SSE. It intruded the Schist-Graywacke Complex (CEG) of the central-western Iberian Peninsula (Martínez Catalán et al. 2004 ) after the main Variscan deformation phase (~300 Ma, Ramírez 1996) . In the study area, the CEG includes large outcrops of pre-Ordovician graywacke-pelite metasediments affected by low-grade regional metamorphism (Rodríguez Alonso 1985; Díez Balda et al. 1990) , overprinted by the contact-metamorphic aureole of the Jálama Batholith. The Sn, Nb, Ta and Ti oxide minerals studied in this contribution occur in the northern part of the Jálama Batholith: the so-called External Unit (EU) of Ramírez (1996) and Ramírez and Grundvig (2000) . According to these authors, the EU represents a magmatic differentiation series constituted, from south to north, by coarsegrained porphyritic monzogranite, two-mica equigranular granite, tourmaline-bearing leucogranite, and a group of aplitic and pegmatitic dikes cutting the metamorphic aureole (Fig. 1) . The hydrothermal alteration of the EU caused a progressive increase in modal proportions of muscovite, albite and tourmaline at expense of biotite and K-feldspar. Sulphides (e.g. arsenopyrite, chalcopyrite, pyrite and loellingite), together with phosphates (e.g. apatite, montebrasite, rockbridgeite and childrenite-eosphorite), are the most common accessory minerals (Llorens and Moro 2012), being especially concentrated in the most fractionated and marginal facies of the batholith.
All the granitic facies of the Jálama Batholith are strongly peraluminous, with ASI ranging from 1.15 and 1.44 [ASI being the Al 2 O 3 /(CaO + Na 2 O + K 2 O) molar ratio]. Moreover they show high, with differentiation further increasing contents of SiO 2 (68.73 to 75.50 wt. %) and P 2 O 5 (0.27 to 0.51 %) as well as trace elements such as Li, Rb, Cs, Be, Sn and Tl (Ramírez and Grundvig 2000) . For example, the amounts of Sn vary from 9 ppm in the porphyritic monzogranite to 66 ppm in the leucogranite, and 55 ppm in the border aplites. However, the Nb and Ta contents remained more or less constant during the differentiation (at c. 30 ppm and 12 ppm respectively), reaching 46 ppm Nb and 58 ppm Ta in the tourmaline-bearing leucogranite and border aplites (Ramírez and Grundvig 2000; Fernández-Leyva 2007; Ruiz et al. 2008) .
A suite of pegmatite bodies is hosted by the different facies of the EU of the Jálama Batholith. The dikes cutting the two-mica equigranular granite (Horia and Mari Carmen, Fig. 1 ) are homogeneous or poorly zoned, striking N170-180°E, and mainly composed of K-feldspar, albite, muscovite and quartz (Fig. 2a) . In contrast, the pegmatites hosted by the tourmaline-bearing leucogranite and the apical aplites are 10-50 cm thick and up to 100 m long, striking mainly between N120°E and N180°E (the Salmantina Group and Bon, Fig. 1 ). They form tabular, lenticular bodies or ellipsoidal pods consisting of albite, microcline, quartz and muscovite and showing a poor zoning pattern (Fig. 2b) . Moreover, they contain variable but accessory amounts of Mn-Fe-Ca phosphates (Llorens and Moro 2007 and, locally, also tourmaline, biotite, zircon and Fe-with Cu-rich sulphides.
The largest pegmatite bodies, and indeed the only ones that have been mined for Sn, correspond to the LCT pegmatites of the rare-element class (Černý and Ercit 2005) . They occur at Cruz del Rayo, where they intruded the metamorphic rocks of the CEG (Fig. 1) . These include three main lenticular dikes striking N170°E, with subvertical dip and secondary ramifications. They range from 20 cm to 1 m in width and have a maximum length of 300 m. The average estimated contents reach 600 ppm Sn and 22 ppm Nb and Ta; hence the mining works included mainly shallow excavations of the individual dikes down to 6 m. However, currently the mining works are not active and they have not been preserved for mapping purposes. Pegmatite dikes of granite-like composition and greisen-like bodies were identified (for a detailed description, see Llorens and Moro 2012), both showing internal zoning (Fig. 2c) . Pegmatite bodies of granite-like composition mainly consist of albite, sometimes with the "cleavelandite" habit, K-feldspar, quartz and muscovite. Alluaudite, mitridatite, rockbridgeite and apatite appear as accessory minerals in the outermost zones of the bodies. Later metasomatic processes resulted in the development of a unit mainly made up by saccharoidal albite, forming fracture-fillings and building groundmass, especially in the intermediate zones. Finally, greisenization gave rise to the crystallization of the greisen-like pegmatite dikes, which are almost exclusively composed of quartz and muscovite and host the main Sn, Nb and Ta oxide minerals (Fig. 2d ). Tourmaline and apatite are accessory minerals in the outermost zones of the dikes, whereas the quantities of amblygonite-montebrasite and beryl increase progressively towards intermediate zones.
Analytical techniques
All samples were collected in situ from several zones of the Jálama Batholith (Fig. 1) . Only the Cruz del Rayo pegmatite samples came from the surrounding dumps owing to the difficulty in accessing the outcrops and previous restoration works. Of the 66 samples collected (33 belonged to granites and aplites, 20 to intragranitic pegmatite dikes, and 13 to the Cruz del Rayo peribatholithic pegmatite dikes), 23 were selected for petrographic and chemical analyses. Where internal zoning patterns were present in the pegmatite bodies, samples were taken from each zone, although in some cases the thinness of several dikes rendered such identification impossible.
The millimetre size of most of the Sn, Nb, Ta and Ti oxide minerals hindered their separation, such that the use of X-ray diffraction was not possible. Thus, their identification was based on combined optical and electron microscopy, as well as chemical composition, obtained by electron-microprobe analysis (EMPA). We employed a Cameca SX-100 electron microprobe at the ScientificTechnical Services of the University of Oviedo, which was operated with an accelerating potential of 20 kV and a sample current of 20 nA. The counting time was 20 s for Zr, W, Fe, Ta, Bi, U and Al, and 10 s for the rest of elements. The detection limits ranged between 0.01 and 0.04, and standard deviations between ±0.02 to ±0.10 for main elements and up to 0.11 and between ±0.12 to ±0.34, respectively, for trace elements. The following standards were used: metals for Ti, Sn, W, Zr and Bi; vanadinite for V; magnetite for Fe; MnTiO 3 for Mn; Ta 2 O 5 for Ta; Nb 2 O 5 for Nb; andradite for Ca, and corundum for Al. Back-scattered electron (BSE) images and semi-quantitative analyses were obtained using SEM at the Scientific-Technical Services of the University of Oviedo and at the University of Salamanca (ZEISS DSM 940) in order to determine compositional variations and the possible zoning of the oxide minerals.
Mineralogy and chemistry of the SnNb-Ta-Ti assemblage
The Sn, Nb, Ta, and Ti oxides studied in this work occur as accessory minerals disseminated throughout the different granitic facies that constitute the EU at the northern 
Intragranitic pegmatites
Cassiterite is scarce in the pegmatite dikes hosted by the tourmaline-bearing leucogranite and the apical aplites, whereas it is lacking completely in the dikes hosted by the two-mica equigranular granite. Cassiterite occurs as millimetre-sized anhedral to subhedral crystals that are usually associated with muscovite and quartz (Fig. 3c) and Nb (up to 1.07 wt. % Ta 2 O 5 and 0.39 wt. % Nb 2 O 5 ). Generally, Nb contents are invariably moderate, whereas Ta is either absent or its contents are comparably high. Rutile crystallized less abundantly than cassiterite as micrometre-to millimetre-sized crystals or granular aggregates, disseminated in the pegmatite dikes or filling fractures together with muscovite ( Fig. 3d) . Chemically, Ti occupies most of the cationic site (up to 0.937 apfu), being substituted mainly by Nb and Fe (between 0.021 and 0.041 apfu each one), and, less commonly, by Ta and Sn (up to 0.024 apfu in total). It was observed that rutile accommodates substantial amounts of Al in some intragranitic pegmatite dikes, reaching 1.72 wt. % of Al 2 O 3 (Tab. 1). The Al contents are even higher than those obtained for the rutile of the Podlesí granitic cupola in the Czech Republic (Breiter et al. 2007) , which have been considered the most Al-enriched ever reported from any type of rock. The incorporation of Al into the rutile structure would be probably charge-balanced with oxygen vacancies by means of the Al 2 Ti -2 O -1 substitution mechanism (Hata et al. 1996) . 
The peribatholithic pegmatites of Cruz del Rayo
In contrast to the intragranitic pegmatites, cassiterite is a very abundant oxide mineral in the peribatholithic pegmatite dikes of Cruz del Rayo, especially in the greisenlike ones. Moreover, a broad variety of columbite-group minerals occurs scattered throughout them (Llorens and Moro 2010b).
Cassiterite
Cassiterite appears in limited amounts in the granite-like pegmatite dikes, whereas in the late unit enriched in albite and the intermediate zones of the greisen-like dikes this mineral is abundant. Its optical and chemical proper- growth zones, the latter enclosing numerous inclusions of columbite-group minerals (Fig. 4a) . The reddish zones commonly contain higher amounts of Fe (up to 0.018 apfu), Nb (up to 0.023 apfu) and Ta (up to 0.033 apfu) than the colourless ones. Moreover, TiO 2 contents reach ties are similar in all kinds of rocks. Cassiterite mainly forms up to centimetre-sized anhedral to subhedral crystals that are especially common in the intermediate zones of the dikes. Microscopically, it exhibits a clearly zoned texture owing to alternating reddish and colourless 0.57 wt. % (Tab. 1), but any regular zoning in this element distribution throughout the cassiterite crystals could not be found.
Columbite-group minerals
The columbite-group minerals grew exclusively in the inner intermediate zones of the granite-like pegmatite dikes, whereas they crystallized in a disseminated manner throughout the different zones of the greisen-like dikes (Fig. 2c) . Their chemical composition is highly variable, depending on that of their pegmatite dikes host.
Two different generations of columbite-(Fe) crystallized in the inner intermediate zone of the granite-like pegmatite dikes: columbite-(Fe) I and columbite-(Fe) II. The first, columbite-(Fe) I, occurs as millimetre-sized anhedral to subhedral crystals included in cassiterite. They usually exhibit a distinct zoning (Fig. 4b) owing to variations in the Fe and Mn versus Nb and Ta contents, the latter being almost invariable. As a consequence, a horizontal trend is seen in the columbite quadrilateral (Fig. 5) (Fig. 4c) . Its chemical composition features mutually comparable Nb and Ta contents occupying the B site (up to 1.046 and 0.940 apfu respectively), with very low or, in some cases, significant amounts of Sn, W and Ti (up to 0.032, 0.037 and 0.109 apfu respectively). The A site is mainly filled by Fe (up to 0.622 apfu) and Mn (up to 0.427 apfu) in similar proportions (Tab. 2). The sum of the A-and B-site occupancies in the majority of the columbite-(Fe) II crystals is close, or equal, to 3 apfu, some of them reaching as much as 3.062. This would suggest the presence of trivalent cations in the structure (Ercit 1994), similar to the columbite-group minerals in the Lacorne and Lamotte pegmatites, Canada (Mulja et al. 1996) . However, this cannot be the case here as all the Fe is Fe 2+ , as calculated by charge balance according to Ercit et al. (1992) (Fig. 5) . The late albite unit only contains tantalite-(Fe), which appears as micrometric, subhedral to anhedral crystals. They commonly show a slight zoning in which the Ta contents increase progressively rimwards (Fig. 4d) . According to the chemical composition, Ta dominates over Nb at the B site, reaching 1.602 apfu and 0.753 apfu respectively, with only trace amounts of Ti and Sn (Tab. 3). Iron and manganese fill the A site in similar quantities, although the Fe contents (up to 0.497 apfu) are always higher than those of Mn (up to 0.423 apfu). Consequently, the Mn/(Mn + Fe) ratio ranges from 0.408 to 0.473, whereas the Ta/(Ta + Nb) ratio varies from 0.624 to 0.782 apfu (Fig. 5) .
As mentioned above, both the primary and the secondary Nb and Ta assemblages in the greisen-like pegmatite dikes crystallized from the wall zone to the intermediate zone (Fig. 2c) , usually being associated with cassiterite.
The primary assemblage consists of columbite-(Fe), columbite-(Mn) and tantalite-(Mn) I, whereas the secondary one is composed of tantalite-(Mn) II and -locally -tantalite-(Fe).
Columbite-(Fe) developed in the wall zone of the pegmatite dikes as micrometre-sized anhedral exsolution blebs clustered in certain zones of the cassiterite crystals. Its composition is strongly enriched in Nb (1.247-1.591 apfu) over Ta (0.272-0.637 apfu) and the mineral contains significant Ti (up to 0.154 apfu), Sn (up to 0.103 apfu) and W (up to 0.029 apfu) in its B site (Tab. 2). The A site is occupied by variable Fe (0.508-0.683 apfu) and minor Mn contents (0.278-0.464 apfu). As a consequence, the Mn/(Mn + Fe) ratio ranges from 0.418 to 0.478, whereas the Ta/(Ta + Nb) ratio shows a more restricted variation (0.176-0.217; Fig. 5 ).
Columbite-(Mn) is relatively abundant in the greisenlike pegmatite dikes. It generally occurs as micrometresized subhedral to euhedral inclusions near the rims of cassiterite crystals and, in some cases, as prismatic crystals associated with quartz and muscovite. The columbite-(Mn) exhibits a strong oscillatory zoning owing to variations in the contents of the Fe-Mn and Nb-Ta pairs (Fig. 5) (Anderson et al. 1998) . Some of the grains show a reverse zoning, featuring higher Nb contents in the rims than in the cores (Fig. 4e ). This contrasts with the more common normal zoning pattern from the Nb-rich cores to the Ta-rich rims described above. Such a reverse trend is usually explained as the result of a late hydrothermal replacement of the primary oxide minerals, which showed a normal zoning Tindle and Breaks 1998, 2000) . However, in this case the absence of typical replacement textures (e.g. patchy zoning) and the planar limits displayed by the growth zones, which should be parallel to gradual changes in composition, would suggest a primary origin for these crystals (Beurlen et al. 2008; Rao et al. 2009; Chudík et al. 2011) . Moreover, the crystallization of cassiterite, which formed late in the crystallization sequence, coating the columbite-(Mn) (Fig. 4e) , further supports the primary origin of these crystals. Thus, the causes for this reverse pattern could be established from the origin of the oscillatory zoning. The growth dynamics of the crystals, different concentrations of the main elements, fluctuating equilibrium and different solubilities of the two end-members are some of the processes described to explain the oscillatory zoning Lahti 1987; Putnis et al. 1992; Johan and Johan 1994) . They contain higher amounts of Nb (1.273-1.624 apfu) than Ta (0.325-0.638 apfu) in the B site, which is completed by trace amounts of Ti, Zr and W (Tab. 2). The A site is occupied by Mn (0.503-0.748 apfu) and Fe (0.213-0.514 apfu). The Mn/(Mn + Fe) ratio ranges from 0.524 to 0.776, whereas the Ta/(Ta + Nb) ratio varies between 0.164 and 0.292. Tantalite-(Mn) I crystallized in the intermediate zone of the greisen-like pegmatite dikes as micrometre-sized crystals commonly associated with white mica aggregates. These crystals also exhibit a compositional zoning, whereby the rims are progressively enriched in Nb (Fig.  4f) . The tantalite-(Mn) I contains high Ta (0.997-1.275 apfu) and Nb contents (0.510-1.014 apfu) filling the B site, which is completed with trace amounts of Ti and Sn (Tab. 3). Manganese clearly dominates over iron in the A site, with up to 0.933 apfu. Thus, the Mn/(Mn + Fe) ratio ranges from 0.931 to 0.986, whereas the Ta/(Ta + Nb) ratio varies from 0.496 to 0.746. All the analyses plot close to the vertical axis, i.e. at Mn/(Mn + Fe) = 1, in the columbite classification diagram (Fig. 5) .
Tantalite-(Mn) II has been identified less commonly both in the wall and intermediate zones of the greisenlike pegmatite dikes. It occurs as micrometre-sized crystals hosted by colourless border zones of cassiterite as well as thin rims surrounding previous columbite. Its composition is enriched in Ta (1.067-1.213 apfu) but less so in Mn (0.724-0.901 apfu), with up to 0.070 apfu Ti and 0.025 apfu Sn. The A site is occupied by similar quantities of Fe and Mn (up to 0.433 and 0.565 respectively), the latter always dominating slightly over the former. Thus, the Mn/(Mn + Fe) ratio ranges from 0.549 to 0.603, whereas the Ta/(Ta + Nb) ratio is fairly homogeneous, varying between 0.542 and 0.626. Tantalite-(Mn) II plots in central part of the columbite classification diagram (Fig. 5) .
Finally, only a single tantalite-(Fe) crystal was identified in a greisen-like pegmatite. It shows a composition similar to the tantalite-(Mn) II described above (Tab. 3), with Mn/(Mn + Fe) and Ta/(Ta + Nb) ratios of 0.457 and 0.584 respectively (Fig. 5) .
Discussion

Substitution mechanisms in Sn-Nb-Ta-Ti oxides
The composition of the cassiterite analysed in the individual granitic and pegmatite rock types of the Jálama granitic cupola displays variations mainly in Nb and Ta, instead of Fe and Mn contents. According to the data plotted in Fig. 6a- pegmatite dikes, indicating that their Ta and Nb contents were probably not exclusively controlled by included particles and exsolved blebs of columbite-group minerals (Möller et al. 1988) . Moreover, in the (Sn + W + Ti)-(Nb + Ta)-(Fe + Mn) triangular diagram plot these analyses close to the (Sn + W + Ti) corner, suggesting an influence of minor Sn, W and Ti in additional substitutions (Fig 6a) .
The TiO 2 contents are clearly higher in cassiterite from the intragranitic pegmatite dikes than in the Cruz del Rayo peribatholithic pegmatites. This implies that the residual melts responsible for the crystallization of the cassiterite in the intragranitic pegmatites could have been less evolved than those precipitating cassiterite in the peribatholithic dikes. In contrast, the TiO 2 contents are very similar in the cassiterite from both the late albite unit and in the greisen-like dikes.
The main mechanisms of substitution in the A and B sites of the columbite-group minerals in the Jálama Batholith are represented in Fig. 7a-b . Two clearly distinct populations are seen: (i) primary columbite-group minerals from the granite-like pegmatite dikes, which are enriched mainly in Nb and Fe, to the greisen-like pegmatite dikes, which are strongly enriched in Mn, and (ii) the crystals of the late albite unit and those resulting from exsolution processes, which show intermediate compositions or are Fe-enriched. Additionally, the reverse trend represented by the crystallization of the columbite-(Mn) in the greisen-like pegmatite dikes, which is slightly more enriched in Nb than the columbite-(Fe) of the granite-like pegmatites, can be observed in Fig. 7a .
The columbite-group minerals of the granite-like pegmatite dikes host significantly more Ti (up to 4.75 wt. % TiO 2 ) than those of the greisen-like dikes (up to 3.26 wt. % TiO 2 ), the latter containing almost no Ti in the innermost zones. These differences between both pegmatite types are represented in Fig. 7c . Thus, considering the correlations represented in Fig. 6a-b , and according to the data for the columbite-group minerals plotted in Fig. 8 , the incorporation of Fe, Mn, Nb, Ta and Ti into the crystal lattice would have been possible owing to the 3Ti 4+ ↔ 2(Nb,Ta) 5+ + (Fe,Mn) 2+ coupled substitution. The fact that the sum of the cations filling the B site, Nb + Ta + Ti, is slightly higher than 2, seems to confirm the significant role of this substitution mechanism in most of these minerals (Ercit 1994).
Chemical evolution of the columbitegroup minerals
The chemical composition of the columbite-group minerals described in the Cruz del Rayo peribatholithic pegmatite dikes and the late albite unit is presented in Fig. 5 . Two groups can be distinguished. The first reveals, in general, a progressive enrichment in Mn, which is followed by an abrupt enrichment in Ta. On the one hand, the Mn/(Mn + Fe) ratio of the columbite-group minerals in the granite-like pegmatite dikes evolves from 0.07 to 0.36, whereas the Ta/(Ta + Nb) ratio remains low and more or less constant. This trend reflects the primary minerals crystallization in these pegmatite bodies. On the other hand, the tantalite-(Fe) hosted by the late albite unit shows the highest Ta/ (Ta + Nb) ratio, following an upward trend. It represents the late crystallization of the columbite-group minerals owing to replacement processes during a Na-metasomatism. This alteration would have caused albitization of the pegmatite dikes (both intragranitic and, especially, the peribatholithic ones) and crystallization of the late albite unit. The second group represents the columbite-group minerals of the greisen-like pegmatite dikes, which show a wide variation in the Mn/(Mn + Fe) and the Ta/(Ta + Nb) ratios, depending on the hosting zone. These values range from 0.418 to 0.776 and from 0.176 to 0.292, respectively, in the outermost zones of the dikes, following a horizontal branch in the diagram of Fig. 5 . In contrast, they vary between 0.931 and nearly 1.000 and between 0.496 and 0.746, respectively, in the innermost zones of the greisen-like dikes, forming a vertical branch in Fig.  5 . This evolutionary trend, again representing a Mn-enrichment followed by a strong Ta-enrichment, could have responded to the crystallization of the primary columbitegroup minerals in the greisen-like pegmatite dikes as a consequence of the fractionation of their parental melts. Moreover, it could also have been favoured by a high fluorine activity in the greisen-type dikes, which would have been responsible for a very high Mn/Fe ratio (e.g. Černý and Ercit 1985; Černý et al. 1986; . Finally, the secondary assemblage of the columbite-group minerals exhibits a less pronounced enrichment in Mn than the primary one. Thus, they have a Mn/(Mn + Fe) ratio varying between 0.401 and 0.603 and a Ta/(Ta + Nb) ratio ranging from 0.564 to 0.739. In general, similar evolutionary trends are represented by the columbite-group minerals of other LCT pegmatites, such as the northern group of the Cross Lake pegmatite field (Černý and Ercit 1985) and Greer Lake (Černý et al. 1986 ), both in Manitoba; the beryl-columbite phosphate pegmatites of the Sebago granite-pegmatite system, Maine, USA (Wise and Brown 2010) , Los Chilenitos, Argentina (Sosa et al. 2002) , and Cap de Creus, Spain (Alfonso et al. 1995) .
As mentioned above, the columbite-group minerals in the granite-like pegmatite dikes of Cruz del Rayo have high Ti contents compared with those hosted by the greisen-like bodies (Fig. 7c) . In this diagram, an abrupt decrease in Ti can be observed from the Nb-, Ta-oxides of the granite-like pegmatites to those of the outermost zones of the greisen-like ones, whereas the Ta/(Ta + Nb) ratio remains low and almost constant. This evolutionary trend corresponds to the horizontal branch in the columbite diagram (Fig 5) . Thereafter, the Ti contents continue to decrease, but more slowly, in the inner zones of these dikes at higher values of the Ta/(Ta + Nb) ratio. This trend is represented by the vertical branch in the columbite diagram, which, together with the previous trend, represents the crystallization of the primary oxide minerals. A less abrupt decrease in the Ti contents can be observed in the secondary columbite-group minerals of both pegmatite types and the late unit as the Ta/(Ta + Nb) ratio increases, reflecting the normal behaviour of Ti in silicate melts. Plotting the Ti versus the Sn contents in the columbite-group minerals of the Cruz del Rayo pegmatites (Fig. 7d) , a 3:1 positive correlation is observed to dominate both in the granite-like and greisen-like dikes and in the late albite unit. Thus, these minerals apparently tend to incorporate preferentially more Ti than Sn, probably owing to the reduced availability of the latter element as a consequence of the cassiterite crystallization.
Factors controlling melt fractionation and ore deposition
The primary Mn/(Mn + Fe) and Ta/(Ta + Nb) ratios of columbite-group minerals in the rare-element granitic pegmatites of Cruz del Rayo generally increase with differentiation. This evolutionary trend developed during the pegmatite bodies crystallization allows the composition of the original melt and the fluids controlling the mineralization to be inferred (e.g. Černý 1982 , 1991 Ercit 1985, 1989; Mulja et al. 1996; Tindle and Breaks 2000; Beurlen et al. 2008 ). According to Linnen and Keppler (1997) , the rise in the Ta/(Ta + Nb) ratio as pegmatite melts crystallize can be accounted for in terms of the lower solubility of Nb-rich columbite-group minerals in peraluminous melts. However, the progressive increase in Mn/(Mn + Fe) ratio is harder to explain. The reason is that the solubility of the Fe-rich members of columbitegroup minerals in pegmatite melts is higher than that of the Mn-rich members (Linnen 2004a, b) . Therefore, their fractionation trend could be controlled by two factors: first, by other Fe-bearing minerals formed during pegmatite crystallization (London et al. 2001) , and second, by the increasing fluorine activity with the fractionation of the melt (Černý 1989, 1991) . The general evolutionary trend of the Nb and Ta oxide minerals points to a progressive enrichment in Mn from the granite-like pegmatite dikes to the greisen-like dikes of Cruz del Rayo, followed by an increase in the Ta contents at the final stages (Fig. 9 ) (Llorens and Moro 2010b). Linnen and Keppler (1997) noted that accessory phases favour Nb over Ta at early stage of magmatic evolution. In our case, this behaviour was observed in the columbite-group minerals hosted by the granite-like pegmatite dikes, which are especially enriched in Nb and Fe. Therefore, the Nb/Ta ratio would have decreased in the residual melt along fractionation, thereby crystallizing oxide minerals enriched in Ta and Mn in the greisen-like pegmatites.
According to the mineralogical composition of the granite-like pegmatite dikes they can be assumed to contain low amounts of F. Such a scenario could have been favoured by the lack of F-bearing minerals in these pegmatites and would therefore explain their relatively sparse mineralization. In addition, a limited Fe and FeMn-rich phosphate assemblage crystallized in these pegmatites, such as the early alluaudite or the mitridatite and the late Mn-rich hydroxylapatite (Llorens and Moro 2012) . This could have influenced Mn and Fe partitioning, thus shaping the oxide mineralization in the pegmatite dikes during both the primary and the secondary processes (e.g. Linnen and Cuney 2005) .
The greisen-like pegmatite dikes are clearly deprived of Fe-bearing minerals and show an important crystallization of phosphates of the amblygonite-montebrasite series, only some of them containing more than 7 wt. % F. This suggests a slight enhancement of the F contents with the fractionation of the residual melt from the crystallization of the granite-like pegmatites to the greisenlike dikes (Linnen 1998). Thus, the increasing fluorine activity would have been the main factor controlling mineral deposition in the greisen-like dikes. These higher F contents would have increased the solubility of the Ta-rich complexes, causing the Ta-and Mn-rich oxides to crystallize during the final consolidation stages of the pegmatite bodies, or even as a consequence of later replacement processes (Černý and Ercit 1985; , 1991 .
As a result, the abundance of Fe-rich columbite-group minerals, showing broad variations in their Fe and Mn contents, together with the limited crystallization of Frich minerals in these pegmatite dikes, point to a low degree of evolution of their parental melts. The progressive melt differentiation causing crystallization of both the granite-like pegmatite and the greisen-like dikes would therefore have been responsible for the primary enrichment in Mn and, later, in Ta (Belkasmi et al. 2000; Linnen and Cuney 2005) . Moreover, the higher amounts of Fe and the scarce Ti contents incorporated by the secondary columbite-group minerals could reflect partial dissolution and re-precipitation of the primary Nb-Taoxide assemblages. However, certain influence of fluids exsolved from the surrounding metamorphic rocks, with or without meteoric fluids admixture, on the residual pegmatite melts could have played an important role in this Ti and Fe enrichment (Černý and Němec 1995; Tindle et al. 1998; Pal et al. 2007; Llorens and Moro 2010a) . This external influx could have meant an entry of cations such as Fe and Ti into the system, which would have been incorporated to the secondary oxide minerals (Fig. 9) . The crystallization of a broad variety of secondary phosphates enriched in Fe, Ca, Mg and Sr in both granitic facies of the Jálama Batholith, the related pegmatite dikes, and the CEG would support the idea of metamorphic ± meteoric contamination (Llorens and Moro 2012).
The lack of suitable components in the pegmatite forming-melts would have limited the crystallization of cassiterite and columbite-group minerals in both the granitic facies of the EU and the pegmatite dikes hosted by them. Two causes can be envisaged.
Firstly, the mineral-forming components could have been fixed by the low amounts of ore minerals crystallized, e.g. cassiterite or rutile, which contain significant amounts of Nb and Ta. Similar cases were Sn-Nb-Ta deposits of the granitic cupolas of Cínovec (Johan and Johan 1994), Podlesí (Breiter et al. 2007 ) and the Krás-no-Horní Slavkov district (René and Škoda 2011) , all in Erzgebirge (Bohemian Massif), as well as the rare-metal Yichun granite in China (Belkasmi et al. 2000) .
Secondly, Sn, Nb and Ta could have entered, as trace elements, the structure of the major rock-forming minerals that constitute the granitic and pegmatite rocks. Biotite and muscovite in particular scavenged these trace elements during their crystallization, containg up to 1020 ppm Sn in the granites and up to 981 ppm in the intragranitic pegmatite dikes of the Jálama granitic cupola (Llorens 2011). Since concentration of Sn, Nb and Ta was not sufficient for saturation of the essential oxide minerals, the trace elements would have been extracted from the melt to be incorporated in micas. In contrast, columbite-group minerals crystallized in large quantities in the Cruz del Rayo pegmatite dikes, hosted by the metamorphic rocks and, especially, in those of greisen-like composition. The pegmatite bodies seem to have crystallized from the residual melts exsolved from the Jálama Batholith. Such liquids would have been extremely enriched in volatiles owing to fractionation processes, containing higher Nb and Ta contents than the intragranitic pegmatite-forming melts. The crystallization of abundant amblygonite-montebrasite series phosphates in these pegmatite bodies would have removed significant amounts of F and Li from the residual melt, thus reaching saturation in tantalite Fiege et al. 2011) . Accordingly, this process would have promoted the formation of the Nb and Ta oxides, whose composition would become progressively more Ta-and Mn-enriched as fractionation continued.
Towards a comprehensive genetic model
The Sn-Nb-Ta-Ti oxides in the Jálama Batholith occur as accessory minerals disseminated throughout the border granitic facies of the EU (tourmaline-bearing leucogranite and aplites) and in the rare-element pegmatite dikes hosted by them (Černý and Ercit 2005) . On the other hand, these oxides crystallized more abundantly in the Cruz del Rayo peribatholithic pegmatite dikes, hosted by the metamorphic rocks of the CEG. The EU of the Jálama Batholith is made up of a group of granites crystallized as a consequence of the fractional crystallization of a magma derived by partial melting of peraluminous and compositionally heterogeneous low-grade metamorphic rocks (Ramírez 1996; Ramírez and Grundvig 2000) . The emplacement of the magma would have generated convective cells, concentrating the more volatile-rich residual melt, which would have been strongly enriched in F, Cl, P and B, towards the apical zone of the magma chamber (Fig. 10a) . The overpressure caused in the chamber due to the fractional crystallization would have led to expulsion of the residual melts (± fluids) into zones of structural weakness, where a large number of pegmatite dikes would have crystallized in situ, hosted by the granitic cupola. Both the granitic rocks and the related pegmatite bodies contain only locally disseminated cassiterite and rutile, because the Sn, Nb and Ta quantities in the melt would have been too low for abundant ore minerals to crystallize. In some cases, the residual melts that were more evolved and enriched in volatiles could have escaped into zones of weakness, reaching a fair distance from the granitic cupola. They would have crystallized as a group of peribatholithic pegmatite dikes of granitelike composition, hosted by the metamorphic rocks of the CEG (Cruz del Rayo). These contain more abundant, disseminated cassiterite and columbite-group minerals enriched in Nb and Fe (Fig. 10a) . The residual melts from the pegmatite crystallization would have been extremely enriched in volatiles and hence in Na, triggering the Na-metasomatism affecting the whole northern margin of the Jálama granitic cupola (Fig. 10b) . As a consequence, the late albite unit would have crystallized in Cruz del Rayo. This process could have released large amounts of aqueous fluid that, together with the excess of volatiles, would have resulted in muscovitization and greisenization, thus producing the greisen-like pegmatite dikes. They contain an important deposit of cassiterite and columbite-group minerals, which are progressively enriched in Ta and Mn (Fig. 10b) . Finally, the crystallization of a secondary assemblage of columbite-group minerals, with higher Fe contents, would correspond to hydrothermal alteration of the pegmatite bodies, which would have caused partial dissolution and re-precipitation of the oxide minerals and would have probably been influenced by the influx of external fluids coming from the metamorphic host rocks ± meteoric fluids (Fig. 10b) .
Conclusions
The Jálama Batholith represents a good example of a fractionated granitic cupola which has developed a series of Sn-, Nb-, Ta-and Ti-bearing intra-and peribatholithic pegmatites:
(i) The most fractionated facies of the Jálama Batholith, the tourmaline-bearing leucogranite and the apical aplites, host abundant rutile and ilmenite, whereas cassiterite is less abundant and tantalite-(Fe) occurs only locally.
(ii) The poorly zoned intragranitic pegmatites contain cassiterite as the main ore mineral, as well as scarce rutile and, locally, Ta-rich rutile.
(iii) The main Sn-Nb-Ta ore occurs in the Cruz del Rayo peribatholithic pegmatites, which contain abundant cassiterite and columbite-group minerals. Two evolutionary trends have been identified in these minerals. The first one represents a progressive enrichment in Mn and then in Ta of the primary Nb-Ta assemblage from the granite-like dikes to the greisen-like bodies. The second trend reflects a Ta enrichment of the secondary Nb-Ta assemblage in these dikes and in the late unit.
(iv) The factors controlling the fractionation trends of the primary columbite-group minerals likely were, on the one hand, the partitioning of Fe and Mn among individual minerals in the granite-like dikes and, on the other hand, the increasing fluorine activity of the residual pegmatite melts in the greisen-like bodies.
(v) Certain influence of metamorphic ± meteoric fluids mixed with the residual pegmatite melts probably led to the crystallization of the secondary assemblage.
